The composition of the adsorption centres of hydrated calcium hydroxyapatite was studied. It was found that the adsorption of organic bases was due to the formation of surface hydrogen bonds between their nitrogen atoms and the ≡POH groups of hydroxyapatite. Aromatic acids and alcohols were adsorbed in an ionic form due to the formation of intraspheric complexes with surface Ca 2+ cations. It was concluded that the adsorbability of organic compounds depends on the relationship between the greatest effective charges on their atoms and the atoms of water molecules.
INTRODUCTION
Since it is the mineral base of human bone tissue, calcium hydroxyapatite (HAP) is now being used as a material for bone implants in medicine. For this reason, the physicochemical as well as the surface properties of HAP have been extensively investigated [see, for example, Kanazawa (1989) and de Groot (1984) ]. Nevertheless, information in the literature concerning the adsorption properties of HAP and various phosphate materials is contradictory (Voegel and Frank 1981; Tanaka et al. 1997 Tanaka et al. , 1999 Macipe et al. 1998; Misra 1996 Misra , 1998 Kukura et al. 1999) . It has been shown that apatites adsorb organic acids and bases comparatively strongly and selectively from aqueous solution. Compounds with acidic groups are considered to be adsorbed as a result of interaction with calcium surface cations while compounds with basic groups interact only with the anionic centres present, viz. , or OH − . The causes of this adsorption selectivity still remain obscure. Hence, the adsorption of organic compounds onto HAP presents an interesting scientific problem.
In the present study, the relation of the adsorption of a number of aromatic amines, alcohols, acids and heterocyclic amines to the concentration of potential-determining ions of HAP such as H + , OH − , Ca 2+ as well as phosphate ions has been investigated. On the basis of studies of the adsorption material balance and the electronic spectra of adsorbed organic compounds, it was possible to determine the nature of the adsorption centres of HAP. Correlations between the adsorbability of organic compounds, the greatest effective charges on their atoms and the dissociation constants of their molecules were established. The results of the investigations have been compared with analogous data for the adsorption of organic compounds onto silica gel and aluminium oxide (Nikolenko et al. 1999) . It was shown that the model of charge-controlled adsorption provides an explanation for the complete range of known experimental data. 
EXPERIMENTAL
HAP was synthesised by the co-precipitation of Ca(NO 3 ) 2 and (NH 4 ) 2 HPO 4 from aqueous solution at pH > 12. Any ions such as and present as impurities were removed by calcination of the precipitated material at 240 o C. The structure of HAP was verified by X-ray diffraction analysis. The specific surface area of HAP powder as determined by benzoic acid adsorption from water was equal to 5.2 m 2 /g while that determined via aniline adsorption from water was equal to 5.9 m 2 /g (based on the assumption that the areas occupied by planar benzoic acid and aniline molecules on the surface were 0.58 and 0.54 nm 2 , respectively).
The UV reflection spectra of HAP surfaces were measured using a standard procedure employing a Specord M-40 spectrophotometer. Measurements of the electrokinetic potentials were taken on a Gortikov instrument capable of studying electro-osmosis in powdered substances.
Adsorption isotherms of the various organic substances studied were determined under static conditions from solutions within the concentration range of 5 × 10 −4 mol/l to 1 × 10 −2 mol/l. Thus, 20.0 ml of an aqueous solution of an organic compound solution was added to 2.00 g HAP, the resulting mixture allowed to stand for 24 h and then separated by centrifugation. The solution concentrations were determined spectrophotometrically and the adsorption values calculated in terms of the concentration changes. A background electrolyte (0.1 mol/l KCl) was added to the solutions to maintain a constant ionic strength. Studies of the adsorption material balances were carried out according to the procedure described in detail by Nikolenko (2001) . Phosphate concentrations were determined by the method of Murphy and Riley (1962) employing the absorbance of the blue phosphomolybdate complex at 885 nm. The reproducibility of the adsorption measurements was verified by conducting parallel experiments. The standard deviation for the adsorption measurements was not greater than 0.25 µmol/g while that for the adsorption constants did not exceed 20 l/mol. All measurements were performed at 18 ± 2°C.
RESULTS AND DISCUSSION

Surface composition of HAP
Accordingly to structural-chemical modelling methods, the surface properties of HAP must be arise from the properties of its constituent components (calcium phosphate + calcium hydroxide) since, from a stoichiometric viewpoint, HAP can be considered to be a double salt of the composition 3Ca 3 (PO 4 ) 2 • • Ca(OH) 2 . Hence, in aqueous solution, the surface of HAP can be considered to be a collection of hydrated calcium, phosphate and hydroxyl ions. Taking into account the relatively low values for the dissociation constants of phosphoric acid, it is reasonable to assume that surface ions add protons when exposed to aqueous solutions and are thus present as and ions. The presence of hydrogen phosphate ions in HAP synthesised by the sol-gel method has been demonstrated experimentally by infrared spectroscopic methods. Hence, the bulk phase composition of HAP obtained by precipitation from aqueous media can be described by the following formula: Ca 10−x (HPO 4 ) x (PO 4 ) 6−x (OH) 2−x • • nH 2 O with 0 < x < 1 and n = 0-2.5 (Kanazawa 1998; Kandori et al. 2002) .
The compensation of calcium ions by hydrogen ions in HAP occurs not only in the bulk but also on its surface and for this reason it is reasonable to assume that the composition of the HAP surface must be greatly dependent on the acidity of the aqueous solution in which it is immersed. Potentiometric and electrokinetic studies of HAP at various pH values and solution compositions have been undertaken to verify these conclusions. The results of pH determinations for the points of zero charge and the isoelectric points of HAP in 0.01 M solutions of KCl, CaCl 2 and KH 2 PO 4 are listed in Table 1 . It will be seen from the data listed in the table that, even in KCl solutions, the point of zero charge of HAP does not coincide with its isoelectric point. In contrast to doubly and triply charged ions, univalent ions such as K + and Cl − are known not to be adsorbed specifically onto insoluble salts or oxides and hence are unable to influence the pH PZC position. In our opinion, the shift of pH PZC observed in KCl solutions is caused by the partial solubility of HAP in such solutions leading to a change in the composition of the electrolyte. The relatively high solubility of HAP in KCl solutions was verified experimentally by determining solution solubilities and measuring phosphate ion concentrations. Thus, it was found that the total concentration of phosphate ions in 0.01 M KCl solutions after the addition of the HAP sample at pH = pH PZC = 6.8 was 2 × 10 −4 mol/l. This value is two orders of magnitude greater than that obtained from calculations based on literature data for the solubility of HAP (solubility product = 1.6 × 10 −58 ). It should be noted that similar discrepancies between experimental and calculated data are also described in the literature. This fact is explained by the variable solubility of HAP arising from the variability in its surface composition.
Thus, excess positive charge on the surface of HAP in neutral solution is caused by its solubility and by the specific adsorption of excess Ca 2+ ions. This arises from the fact that at pH = pH PZC the predominant form of phosphate ions in solution are univalent ions which are adsorbed to a lesser extent onto HAP than divalent calcium cations. The presence of ions on the surface of hydrated HAP has also been verified by data from spectroscopic analyses. Thus, the spectrum of the HAP surface was found to be similar qualitatively to the absorption spectrum of an aqueous solution of sodium dihydrogen phosphate at a pH value of 5.2 when the fraction of ions present is virtually equal to 100%. The adsorption band maxima in the spectra of HAP and spectra occur at wavenumbers of 33 500 and 36 000 cm −1 , respectively. This difference between the wavenumbers is due to solvation effects and the influence of the ionic nature of the HAP surface layer.
These data therefore indicate that, in aqueous solutions under neutral conditions, the phosphate ions on the HAP surface are predominantly present as ions. Since such ions are retained in the solid lattice of HAP mainly by coulombic interaction with the surrounding calcium cations with their excess negative charge being principally associated with the oxygen atoms not connected to hydrogen atoms, it is therefore possible that ions are situated in the HAP surface layer in such a way that their ≡POH groups are located outside the "HAP-solution" interface. As a result, relative to its PO δ− groups, the ≡POH groups of the dihydrogen phosphate anion appear to be more accessible towards interaction both with solvent molecules and with adsorbate particles present in the solution. Hence, it may be concluded that the adsorption centres of HAP are essentially the oxygen and hydrogen atoms of the −OH groups of the surface anions. Surface calcium ions which are sterically accessible for adsorption interactions are also known to act as adsorption centres in HAP. However, the proportion of such centres is not constant but depends upon the acidity of the aqueous solution in which the HAP is placed and its ionic composition, e.g. the concentration of phosphate ions or calcium ions present. In our opinion, differences in the values of the effective charges of the HAP adsorption centres as well as inconsistencies in their amounts on the surface of HAP are the main factors determining the adsorption properties of HAP and its selectivity towards the adsorption of organic substances.
Adsorption of organic acids and bases onto HAP
Results of the studies of the adsorption of aniline and benzoic acid onto HAP as a function of the equilibrium pH values of solutions are shown in Figures 1 and 2 . Data on the equilibrium concentrations of phosphate ions arising in the various solutions because of the solubility of HAP are also included in these figures.
The adsorption of aniline onto HAP in a molecular form was verified spectroscopically. Thus, in acidic solutions, the long-wave π → π * absorption band of aniline is known to be shifted to 38 460 cm −1 . The studies undertaken showed that the maximum of the long-wave absorption band of aniline adsorbed onto HAP occurs at 35 700 cm −1 and that it does not undergo any blue shift relative to its spectra in water, methanol and even on a silica gel surface. It was also found that aniline adsorbed onto HAP was predominantly in the molecular form even when adsorption occurred at a pH value of 4.5 when almost one-half of the aniline molecules present in the aqueous solution were in a protonated form.
Similar adsorption studies of benzoic acid showed that the concentration of excess ions resulting from such adsorption decreased with increasing pH whereas the calcium ion concentration increased (see Figure 2 ). The observed variations can be explained by assuming that the adsorption of benzoic acid anions onto HAP arises mainly because of interaction with calcium surface ions. Studies of the adsorption material balance have shown that the adsorption of benzoic acid (as well as aniline) onto HAP is accompanied by the liberation of H + ions, with the number of H + ions liberated being several times smaller relative to the amounts of the organic compounds adsorbed (e.g. the amount of hydrogen ions liberated at pH 5.5 is equal to 2 µmol/g). If account is taken of the fact that over the pH interval concerned molecular and anionic forms of benzoic acid are present in solution, the data obtained can be described by the following equilibria:
where is the adsorption site on the HAP surface, HAn is the benzoic acid molecule and An − is the benzoate anion.
Electronic spectral studies of adsorbed benzoic acid on HAP have shown that the adsorption bands are strongly shifted towards the short-wave region. Thus, the two adsorption bands at 43 320 and 36 400 cm −1 characteristic for acid anions observed in the electronic spectrum of benzoic acid adsorbed onto SiO 2 are located at 44 400 and 38 000 cm −1 in the spectrum of benzoate anions adsorbed onto an HAP surface. Such considerable energy changes in the vertical electronic transitions can be explained by the polarising effect of the calcium cations on the HAP surface that are capable of forming relatively strong ionic bonds with carboxyl groups.
On the basis of adsorption material balance investigations, it was found that the presence of organic compounds in aqueous solution leads to a decrease in the solubility of HAP (Matsumoto et al. 2002) . In addition, the data recorded as curves 4 and 5 in both Figures 1 and 2 indicate that the concentration of phosphate ions in solution is also reduced when organic bases and acids are adsorbed onto HAP. Organic compounds are likely to block the HAP surface and prevent the establishment of its equilibrium solubility. Comparison of the data relating to the adsorption of benzoic acid and the concentration of phosphate ions in aqueous solution (Figure 2) demonstrates that as the adsorption of the organic compound increases the amount of phosphate ions in solution correspondingly decreases. Since the adsorption of benzoic acid anions at pH > 6.5 is almost twice as great as the equilibrium amount of phosphate ions present in solution, it would appear likely that within the pH interval investigated the adsorption of benzoate anions does not lead to the displacement of any phosphate anions from the HAP surface, i.e. such adsorption does not occur via an anion-exchange mechanism.
Thus, the data obtained from the investigations undertaken agree well with a number of literature data on the adsorption of organic bases and acids onto HAP via participation with various adsorption centres on the solid surface. Thus, nitrogen-containing compounds are adsorbed onto HAP in a molecular form as a result of the formation of surface hydrogen bonds with the ≡POH groups of HAP. In contrast, oxygen-containing compounds are adsorbed in an ionic form through the formation of stronger bonds with the surface calcium cations rather than ≡POH groups. Since the surface Ca 2+ ions are characterised by a higher effective charge than the hydrogen atoms arising from the surface ≡POH groups of HAP, it seem reasonable to assume that organic bases would also form stronger bonds with the surface Ca 2+ ions rather than ≡POH groups. In fact, the experimental data point to the opposite situation, i.e. the adsorption of both aniline and pyridine onto HAP does not involve the participation of the surface calcium ions in the process. Although the causes of such adsorption selectivity are unclear, in our opinion it is possible to explain these regularities in terms of the charge-controlled adsorption model (Nikolenko et al. 1999 (Nikolenko et al. , 2001 .
Charge-controlled adsorption model for HAP
The most promising way to predict the surface activity of a substance is through a comparison of the electronic structures of the adsorbate and the adsorbent. From this viewpoint, the chemical nature of the substance can be considered to be a minor factor. Orbital symmetry, the effective charges on the atoms and molecular orbital energies are the general parameters determining the result of surface interaction. As is well known, molecular interaction results can be estimated from perturbation theory as the total of the contributions arising from pair interactions between the orbitals of the adsorbate and adsorbent:
where H ij is the matrix of the interaction function of the i and j orbitals, S ij is the overlapping integral, and ε i and ε j are the energies of the molecular orbitals. According to equation (1), chemical reactivity arises essentially from the difference in energy between the highest occupied orbital of the donor and the lowest unoccupied orbital of the acceptor. As noted by Klopman (1968) , two situations arise depending on the relative magnitude of the energy difference: (i) for a large enough difference in the energy, ε i − ε j , the quantity ∆E is mainly determined by the magnitudes of H ij and S ij ; (ii) for rather small energy differences, the orbital interaction becomes predominant. By analogy, two approaches can also be considered in the case of chemisorption: (i) charge-controlled adsorption where the interaction is determined by the charges on the adsorbate and adsorbent atoms; and (ii) orbital-controlled adsorption when the orbital energies of the adsorbent and adsorbate are close to each other.
Present knowledge indicates that adsorption onto a wide range of polar adsorbents is charge-controlled. Thus, the adsorption of polar organic compounds onto these adsorbents is controlled by their steric accessibility and by the values of the greatest effective charges on the atoms taking part in the formation of surface hydrogen or coordination bonds (Nikolenko et al. 1999 (Nikolenko et al. , 2001 . Hence, to determine whether the charge-controlled model can be employed to describe adsorption onto HAP, it is first necessary to study the adsorption of a large number of organic compounds onto HAP and compare their adsorbability with the effective charges on their atoms.
To compare the adsorbability of organic compounds onto HAP under the same conditions, we have studied their adsorption in the presence of excess Ca 2+ and phosphate ions which are the potential-determining ions for HAP. The adsorption of nitrogen-containing compounds was studied from aqueous solutions containing 0.01 M KH 2 PO 4 as the background electrolyte and oxygen-containing compounds from aqueous solutions containing 0.01 M CaCl 2 as the background electrolyte. These studies were undertaken over a narrow range of equilibrium solution pH values corresponding to the pH PZC of HAP. Under these circumstances, the surface of HAP is approximately identical in composition and parameters to that of the electrical double layer.
As a result of the investigations undertaken, it was found that the adsorption isotherms for a number of the studied compounds were Langmuirian in shape and could be rather well described by a linear dependence between the reciprocal value of the adsorption, 1/Γ, and the reciprocal concentration, 1/C. From the adsorption isotherms obtained, it was possible to calculate both the adsorption constants and the adsorption energies of the various organic compounds studied. It was found that these compounds could be arranged in the following series on the basis of the values of their adsorption constant (given in brackets in l/mol): pyrogallol (200), 4-picoline (182), resorcinol (175), pyridine (175), pyrocatechol (132), m-toluidine (115), aniline (116), quinoline (110), α-naphthol (100), phenol (80), diphenylamine (75), p-cresol (70), aminopyridine (5), indole (0) and benzamide (0).
When the adsorption constants of organic bases were compared with their pK b values and the effective charges on their nitrogen atoms, the following correlation was ascertained: the greater the adsorbability of a given base, the greater the dissociation constant of its molecules or the effective charge on its nitrogen atom(s). Figure 3 shows the comparison of the adsorption constants of the bases studied with the effective charges on their nitrogen atoms. Analogous literature data taken from Nikolenko et al. (1999) for silica gel and aluminium oxide are also presented for comparative purposes.
The observed symbiotic relationship between the adsorption constant, B, and −Q N agrees with the charge-controlled adsorption model and the hydration behaviour of polar organic compounds where the interaction energies of polar atoms are directly proportional to the values of their effective charges:
(2) where the indices 1, 2 and 3 denote the adsorbent, adsorbate and solvent, respectively, ∆G exp is the adsorption energy determined experimentally, ∆G 12 is the free energy of interaction between the adsorbate and adsorbent when no solvation exists, ∆G 13 and ∆G 23 are the solvation energies of the adsorbent and adsorbate, E ij is the coulombic energy, Q i are the effective charges on the atoms in the "reaction" centres of the adsorbent, adsorbate and solvent, and r ij is the interatomic spacing in the adsorption and solvation complexes. The aqueous solution can be described in terms of the two effective charges Q 3 and which correspond to the charges on the oxygen and hydrogen atoms of the water molecule.
Equation (2) is based on a consideration of the adsorption processes of a number of polar organic compounds from aqueous solution onto polar surfaces whereby the hydroxyl group of the adsorbent is substituted by part of the solvation shell of the adsorbing molecule. Since the interaction of two atoms having the greatest charge and lying close to each other predominates over all other possible interactions between charges and multipole moments, electrostatic interaction was approximated by the coulombic interaction between two point charges (Nikolenko et al. 1999 (Nikolenko et al. , 2001 . , benzamide; 2, indole; 3, 2-aminopyridine; 4, α-naphthylamine; 5, diphenylamine; 6, m-toluidine; 7, aniline; 8, pyridine; 9, γ-picoline; 10, γ-picoline; 11, quinoline; 12, 2,8-dimethylquinoline. According to equation (2), differences in the adsorption properties of HAP, silica gel and aluminium oxide can be explained by the differences in the effective charges on the hydrogen atoms of the surface −OH groups which are considered to be essentially the adsorption centres for nitrogen-containing molecules. The fact that the adsorption constants for organic bases are greatest for SiO 2 and smallest for Al 2 O 3 leads to the conclusion that the magnitudes of the effective charges on the hydrogen surface atoms in the −OH groups of the three adsorbent considered follow the sequence: Q H (SiO 2 ) > Q H (HAP) > Q H (Al 2 O 3 ).
A comparison of the electronegativities of P, Si and Al atoms would point to the conclusion that the effective charge on the hydrogen atom in ≡POH groups would be greater than in ≡SiOH and =AlOH groups. The greater electronegativity of the phosphorus atom must lead to a greater withdrawal of electron density from neighbouring atoms than occurs with silicon or aluminium atoms in similar compounds. Any distortion in this relationship as far as HAP is concerned can only be due to the influence of negatively charged ions on its surface ≡POH groups. To verify this suggestion, quantum chemical modelling of the H 3 PO 4 molecule and the anion has been undertaken. The results of calculations employing the MNDO method of Dewar and Thiel (1977) showed that, relative to the molecule of the acid, the excess negative charge on the anion leads to a reduction from +0.246 to +0.182 in the values of the effective charges on the hydrogen atoms in ≡POH groups.
It is interesting to note that the charge-controlled adsorption model provides an explanation as to why surface −OH groups but not calcium ions take part in the adsorption of organic bases on HAP. The effective charge on the calcium atoms in HAP is bound to be greater than that of the hydrogen atoms in the −OH groups. In any approximation of the charged-controlled model, this means that the calcium ions must interact quite strongly with the electronegative atoms of both water molecules and organic compounds. Since the effective charge on the oxygen atom in the water molecule is greater than that on the nitrogen atoms in any of the aromatic amines studied, this suggests that the molecules of nitrogen-containing organic bases are not capable of expelling water molecules from the hydration shells of the calcium ions and as a consequence are not adsorbed. Account should also be taken of the fact that the interaction of calcium ions with water molecules is predominantly electrostatic in nature and hence two O 2p (n)-orbitals of the oxygen atom in the water molecule are involved in the interaction process. In contrast, when hydrogen bonds are formed with the −OH groups of the adsorbent, such interaction predominantly involves one O 2p (n)-orbital of the oxygen atom (Nikolenko et al. 1999) . As the absolute value of the charge on the nitrogen atom is greater than one-half of the value of the charge on the oxygen atom in a water molecule, nitrogen-containing molecules can compete with water molecules and can be selectively adsorbed onto the hydroxyl groups of HAP.
These conclusions are consistently supported by a number of experimental data and lead to the conclusion that the adsorption of nitrogen-containing organic compounds onto HAP occurs predominantly through the formation of hydrogen bonds with surface ≡POH groups. According to the model representations considered above, the adsorption of oxygen-containing compounds onto HAP would be expected to occur mainly via the surface calcium ions. In aqueous solution, only when the hydrogen atoms of their −OH groups are involved do aromatic alcohols and acids form stronger hydrogen bonds. However, adsorption cannot occur via their oxygen atoms as the presence of an excess of water molecules hinders this interaction. It should also be noted that the Q H value for aromatic alcohol molecules only exceeds the corresponding quantity for water molecules by ca. 0.01e. This fact explains the low surface activity of such compounds on hydrated oxides, e.g. in the adsorption of phenol or pyrocatechol onto silica gel, the value of ∆G exp does not exceed -17 kJ/mol (Nikolenko et al. 1999 onto HAP of pyrocatechol or pyrogallol, for example, the adsorption constants reach values of 200 l/mol corresponding to −22.7 kJ/mol. The possibility of considerable adsorption energies in the adsorption of phenolic compounds onto HAP could be explained by assuming that these compounds are adsorbed in the ionic form. When intraspheric complexes of the type [−Ca(RO − )] are formed, it is possible that the aromatic alcohol molecules dissociate because of the possible greater gain in interaction energy. The adsorption of phenols and carboxylic acids onto HAP in an ionic form is supported by spectroscopic data. An additional argument for the adsorption of oxygen-containing compounds onto HAP in an ionic form is provided by the linear correlation between their adsorption energies and the pK a values of their molecules as depicted in Figure 4 .
In our opinion, this correlation can be explained if the adsorption energy is associated with two processes: (i) ionisation of the adsorbate molecules followed by (ii) subsequent adsorption of the ionic forms:
where ∆G T is the "true" adsorption energy of the adsorbate particles as determined by the set of intermolecular interactions with the adsorbent and ∆G i is the ionisation energy of the molecules. In this case, the adsorption energy determined experimentally is so small that the energy consumption necessary for the dissociation of the phenol molecules is greater.
Thus, the proposed model provides a good explanation of the adsorption process as well as explaining the whole set of experimental data. It is therefore suitable for predicting the surface properties of HAP. Figure 4 . Comparison of the free energy of adsorption, −∆G, with the pK a value for a given aromatic alcohol.
The data points relate to the following alcohols: 1, pyrogallol; 2, resorcinol; 3, pyrocatechol; 4, α-naphthol; 5, phenol; 6, p-cresol.
